Abstract. Bronchopulmonary dysplasia (BPD) is the chronic lung disease of preterm infants and still represents a major burden of prematurity. Several clinical risk factors for the onset of the disease are already known. In addition, some candidate genes have recently been identified. We set out to determine clinical as well as genetic risk factors for the development of BPD in the German population. 155 infants born with a gestational age 28 at the tertiary neonatal Centre, Freiburg, were recruited. Clinical data were recorded from hospital charts. 47 children developed moderate or severe BPD. For genetic analyses, 37 polymorphisms within sixteen genes were genotyped on all children. The strongest epidemiological risk factor for BPD was birth weight, followed by low gestational age. Genetic association was detected with single polymorphisms within Tumour necrosis factor alpha, Toll like receptor 10 and vascular endothelial growth factor. The former two genes showed also association with BPD in haplotype analyses.
Introduction
Bronchopulmonary dysplasia (BPD) is the chronic lung disease of premature infants; it affects about 20-30% of children born at a gestational age of less than 30 weeks. The disease is primarily characterised by a prolonged need of oxygen supplementation. However, affected children are also more likely to develop sequels like language delay, cerebral palsy, and cognitive impairments [1] . Thus BPD is still the leading cause of morbidity and mortality among premature infants [2, 3] .
BPD was first described and characterised by Northway et al. in 1967 [4] . Since then, a variety of different definitions have been published and used in clinical practice. Most widely applied was the definition of the NIH workshop on BPD in 1979, which postulated at least 28 days of supplemental oxygen in addition to radiographic changes [5] . Lately, improved therapeutically options -especially advanced technology for mechanical ventilation -and the survival of even smaller infants have changed the clinical appearance of BPD. This led to the advent and classification of the so-called "new BPD" [6] : Now oxygen supplementation for at least 28 days and at 36 weeks postmenstrual age as well as the need of positive airway pressure categorize the severity of the disease in mild, moderate and severe [7, 8] .
At least two important pathophysiological pathways exist in the development of the new BPD: First, inflam-matory processes that lead to an impairment of alveolarization and vasculogenesis and secondly, growth arrest of the lungs [9, 10] . The primary event might already occur in utero by inflammation due to chorioamnionitis or immediately postnatal by lung injury due to respiratory distress syndrome and its treatment by mechanical ventilation. The persistence of this inflammationmediated by influx of neutrophils and macrophages in the airways followed by production of reactive oxygen species -finally contributes to impaired lung development, ultimately resulting in BPD [11] .
It has been hypothesised already years ago,that in addition to clinical factors a genetic predisposition might determine the development of BPD [12, 13] . This hypothesis is supported by recent twin studies, suggesting that genetic factors contribute as much as 53% to the total risk for the disease [13, 14] .
Therefore we were interested to identify risk factors for the development of BPD in the German population taking into account both -clinical and genetic -factors. Besides recording and analysing clinical characteristics of the study population, we genotyped 37 polymorphisms within sixteen candidate genes for BPD: These are genes for the airway mucosal response like surfactant protein C and surfactant protein D (SFPC and SFPD); different growth factors involved in lung remodelling: transforming growth factor (TGF) alpha and beta, connective tissue growth factor (CTGF) and vascular endothelial growth factor (VEGF). Extracellular matrix and adhesion -molecules (such as metalloproteinases) have already been analyzed for their involvement in BPD [15] . Therefore we included in our analysis selectin E (SELE) and intercellular adhesion molecule (ICAM-1) as our study group analyzed these factors previously in other pediatric diseases [16] [17] [18] . Finally genes involved in inflammation and innate immune response: Interleukin (IL-)-13, IL-4, IL-8, IL-10, IL-18, tumour necrosis factor (TNF) alpha and beta and toll like receptor (TLR-) 10 were analyzed. The selection of SNPs was based on previous studies of the genes by others as well as by us [19] .
Material and methods

Subjects
Preterm infants (gestational age 28) born between January 1996 and August 2007 at the Centre for Pediatrics and Adolescent Medicine, University Hospital Freiburg, Germany, were included: Infants were recruited prospectively during their stay on NICU since January 2005. Children born before that time were recruited retrospectively by contacting the parents by mail.
DNA collection was performed either by buccal swabs (majority of cases) or by blood drawing in case of routine blood sampling. Children with chromosomal aberrations, congenital heart defects or other major congenital malformations were excluded from the study. All probands were genetically independent, i.e. no twins or siblings were included. Furthermore, only Caucasian children were recruited for the study to guarantee a homogenous ethnic background of the study population.
Medical charts of the infants were reviewed and clinical data recorded. This included among others the following parameters: Sex, birth weight, gestational age, number of days with supplemental oxygen, need of mechanical ventilation and positive airway pressure, patent ductus arteriosus (as confirmed echographically) and mode of closure (i.e. pharmaceutical or surgical), chorioamnionitis according to placenta histology (hematoxylin and eosin stain), sign of early onset neonatal infection (like elevated C reactive protein and/or IL-6 in cord blood), need of surfactant therapy and courses of prenatal steroids. At our NICU the following approach is applied regarding the treatment with surfactant: Avoiding of intubation independent of the gestational age. Therefore, even very premature infants are only intubated if they show failure of ventilation and/or need of supplemental oxygen above 40%. Once they required intubation during the immediate postnatal period, they receive surfactant within 2 hours. This practice was consistent during the whole study period.
The BPD definition by Jobe and Bancalari [6] was used to subdivide the infants in two groups. Group 1 included all infants with no or only mild BPD, corresponding to oxygen supplementation for at least 28 days, but no need of supplemental oxygen or positive pressure at 36 weeks of gestational age. Group 2 consists of all infants with moderate and severe BPD (BPD grade two and three according to the original definition), i.e. supplemental oxygen for at least 28 days plus need of oxygen and/or positive pressure at 36 weeks of gestational age. This classification is based on the recent analyses by Lavoie et al. about the heritability of BPD as defined according to the consensus statement of the national institutes of health [20] .
Genotyping
DNA was extracted by standard procedures from peripheral blood leucocytes and column purified (DNA Primers, PCR condition and restriction enzymes for performing RFLP. Shown is the condition for all SNPs in genes with significant results. midikit, Qiagen, Hildesheim, Germany). In case of buccal swabs the GenomiPhi V2 DNA amplification kit (GE Healthcare, Munich, Germany) was used. Genotyping was performed by restriction fragment length polymorphism (RFLP) as described previously [19] . The conditions for RFLP analyses for all SNPs within genes showing significant results -i.e. TNF alpha and beta, VEGF and TLR10 -are shown in Table 1 .
Sequencing
In order to check the accuracy of RFLP analyses, for each polymorphism three controls (homozygous wildtype, heterozygous and homozygous mutation) were sequenced by the dideoxy chain termination method [21] using the Big Dye Terminator cycle sequencing kit on an ABI 310 sequencer (Applied Biosystems). All subsequent RFLP analyses included these reference individuals.
Statistical analysis
Clinical data were analysed by using the SPSS 11.0 package (SPSS Inc., Chicago, Illinois, USA). Genotyping data were analysed for possible association with BPD by using the Armitage's trend test for each single polymorphism. This test follows the guidelines given by Sasieni [22] and is implemented in the program Finetti (Thomas F. Wienker, unpublished data; http://ihg.gsf.de/cgi-bin/hw/hwa1.pl and http://ihg.gsf.de/linkage/download/finetti.zip).The same program was used to calculate Hardy Weinberg equilibrium (HWE) for each polymorphism in both populations. A significant deviation from HWE could be a hint to population admixture or genotyping errors [23] . In addition, we performed haplotype frequency estimations and association analyses with FAMHAP [24] .
Approval
The collection of blood/buccal swabs and the experimental procedures were approved by the Ethical Committee of the University of Freiburg. Parents were given written and verbal information about the study and a statement of informed consent was signed by the parents of all enrolled children.
Results
Clinical characteristics -epidemiological risk factors
Initially all infants born at a gestational age 32 were recruited for our study. However, as BPD was diagnosed only 3 times in 60 infants born between a gestational age of 29 and 32 weeks, these children were eventually excluded from further analyses. Thus 155 children born 28 weeks of gestational age were included and divided in two groups: 108 infants were assigned to group 1 (no or only mild BPD); 47 infants met inclusion criteria for group 2 (moderate or severe BPD). Some baseline characteristics of both groups are shown in Table 2 .
The following major clinical risk factors for BPD were present in our population: Low birth weight was associated with BPD with a chi 2 of 49.6 (p < 0.000001 by Kruskal-Wallis-Test) and low gestational age with chi 2 = 40.0 (p < 0.000001 by Kruskal-WallisTest). In addition, length of mechanical ventilation was very strongly associated with the development of BPD (chi 2 = 61.1, p < 0.000001 by Kruskal-Wallis-Test). The relationship of low birth weight and length of mechanical ventilation with BPD severity is illustrated in Fig. 1a and b. 
SNPs under investigation and their position within the genes. The corresponding nucleotide substitution is shown as well as the amino acid exchange where applicable.
BPD was more often seen in infants who had a patent ductus arteriosus (PDA) with need of either pharmaceutical or surgical therapy. Highest incidence of BPD was seen in infants undergoing surgical ligature of PDA (p < 0.0001, Kruskal-Wallis-Test). Finally, boys were not more often affected than girls in our study (p = 0,419 by Kruskal-Wallis-Test).
Association analyses -genetic risk factors
155 infants were genotyped for 37 single nucleotide polymorphisms (SNPs) within 16 genes. The genes and SNPs under investigation are listed in Table 3 . The genotyping data, the results of HWE calculation and p-values for association with BPD as calculated by the Armitage's Trend test are shown in Table 4 . Fig. 1 . BPD severity as defined by Banclarari et al. [6] . Shown are the median and the 95% confidence interval. Small circles represent outlier. a) According to birth weight. b) According to days of mechanical ventilation. Association of BPD was detected with three SNPs within three different genes: rs1799724 in TNF-alpha (p = 0.0085), rs699947 in VEGF (p = 0.0138) and rs11096955 in TLR10 (p = 0.0149). However, one should bear in mind that by applying Bonferroni correction for all tested SNPs the association does not stay significant.
Furthermore, haplotype analysis was performed by FAMHAP for those genes in which at least two SNPs were genotyped. Genes lying next to each other on the same chromosomes were combined in analysesthese are IL-4 and IL-13 as well as TNF-alpha andbeta. The results are demonstrated in Table 5 . Weak association of BPD was found with haplotypes of TNF alpha/beta (p = 0.0544) and TLR10 (p = 0.0273).
Discussion
In this study we sought to identify epidemiological and genetic risk factors for the development of the chronic lung disease of prematurity, bronchopulmonary dysplasia. In our study population, 47 out of 155 infants born at a gestational age of 28 weeks developed moderate or severe BPD.
The major clinical risk factors for BPD in this population were low birth weight, low gestational age and a long period of mechanical ventilation (see also Fig. 1 ). In the modern concepts of testing infants of extreme low birth weight exposed to more gentle procedures for mechanical ventilation, the impact of barotrauma and oxygen toxicity has decreased and low birth weight and young gestational age have become even more important. Additional strong risk factors for the so-called new BPD include early infection -either prenatal or nosocominal -and a PDA [25] . Accordingly, we found strong association with the mode of PDA closure and BPD. In infants undergoing surgical ligature of PDA the prevalence of BPD was highest. However, it is not possible to decide on the basis of our results whether primarily the ductus arteriosus remains open due to lung disease or whether BPD develops due to persisting ductus and the consecutive blood flooding of the lung. While these risk factors are already known and well described [26, 27] nowadays genetic factors come in the focus of interest.
During the last years, a few candidate genes studies have been published in the context of BPD. The inclusion criteria of the study populations varied greatly between different research groups; this might explain some of the conflicting results. For example, some studies used healthy term infants as controls to preterm infants with BPD [28] . The results of such studies might be biased to the identification of genes for prematurity rather than genes for BPD. Others included all preterm infants (i.e. born 36 weeks of gestational age); as BPD develops only very rarely in infants born at a gestational age 30 weeks this might also hamper the identification of true association.
To overcome these forms of bias as much as possible we included only children born 28 weeks of gestational age. This group was divided in BPD affected children and controls according to the definition by Jobe et al. [6] . In addition, only children with need of supplemental oxygen and/or positive airway pressure at a gestational age of 36 weeks were included in the case population, i.e. moderate and severe BPD. This classification was chosen for three reasons: First, the case number of this study population would be too small to subdivide the infants into four groups according to disease severity (no, mild, moderate, severe BPD). Secondly, infants with mild BPD were combined to children without BPD as for very premature infants -as represented in our study population -oxygen supplementation for 28 days might rather reflect a normal transiently condition than lung disease. Thus only oxygen supplementation at a gestational age of 36 weeks (or positive airway pressure) qualified for the case population. Thirdly, this classification is supported by a recent study by Lavioe and colleagues [20] : By investigating 318 twin pairs of known zygosity, they identified genetic factors to account for 82% of the observed variance in BPD susceptibility as defined on the basis of need for supplemental oxygen at 36 weeks of gestational age. Heritability of BPD is based on different processes influencing the premature lung during its development. The inflammatory process which may already start prenatal is one of the targets for genetic research. It is well know that inflammatory activation of different cell types such as macrophages, lymphocytes or neutrophils trigger the development of BPD. The pathways including activation and control of the lung response to injury is represented in this study by the analysis of polymorphisms in different interleukins and TNF genes. Using this approach, association was identified with polymorphisms of TNF alpha, VEGF and TRL10 and BPD.
TNF-alpha plays a major role in the regulation of inflammation by affecting the release of other proinflammatory cytokines. Polymorphisms may lead to prolonged inflammation and consecutively tissue damage. Exaggerated reparative procedures of the immature lung may as well enhance lung injury such as fibrosis. Association of TNF alpha with BPD has already been described some years ago [29] . However, other failed to replicate these findings [30] ; this might be caused by the smaller sample size. Just very recently, association of TNF alpha haplotypes was described with levels of TNF alpha in tracheal aspirate fluids of preterm infants. Furthermore, the authors found association of haplotypes with the occurrence of chorioamnionitis, but not with BPD [31] . In our study population, association of the polymorphism rs1799724 and TNF alpha haplotypes with BPD was only weak and does not hold up Bonferroni correction. Still, the same SNP was found to alter gene expression [32] . Furthermore, we recently demonstrated that this polymorphism is in association with altered serum levels of TNF-alpha in an asthmatic population [33] . Taken to-gether with the above mentioned studies genetic variants in TNF alpha may only play a minor (and thus sometimes elusive) role in the genetic predisposition to BPD. Interestingly, this has just been confirmed very recently in a meta-analysis [34] .
The involvement of VEGF particularly in the pathophysiology of new BPD was reviewed recently [35] . By the definition of new BPD as arrest of lung development rather than lung injury, genetic factors involved in the development of vessels and bronchial branching came into the focus of genetic analysis. VEGF represent a vital factor in endothelial differentiation and angiogenesis. Absence of VEGF results in impaired formation of the micro-vascular architecture [36, 37] . Relevant implications of VEGF polymorphisms were described in different studies, for example altered VEGF serum levels [38, 39] . We found association of rs699947 in VEGF with BPD (p = 0.0138). Also association of VEGF with BPD has been described in the Polish population just some months ago [40] . Kwinta et al. used different SNPs within VEGF than we used in our own study. Identification of association with different SNPs in VEGF might underscore the importance of this gene in BPD development.
Until now, no data have been published about the role of TLR10 in the pathophysiology of BPD. However, as TLR10 is part of the innate immune response and infections are an important risk factor for BPD an involvement seems reasonable. The association of one single polymorphism was also supported by haplotype association in our population. In addition, TLR10 have already been described in association with other lung diseases like bronchial asthma [41] . However, once again this association is not robust to correction for multiple testing and thus it might be possible, that the association is false positive.
The other thirteen genes under investigation did not show any hint for an involvement in the genetic predisposition to BPD. Even IL-13 and IL-4 as very strong inflammatory cytokines did not show any association. A previous study in Taiwanese children also failed to find association of IL-4 with the disease [42] . SNPs tested in different surfactant proteins were shown to be associated with BPD in the surfactant protein-C and -D genes, although different SNPs were compared between these two studies [43] .
However, the case number of our study is still limited and thus some genes might escape significance for association due to a limited statistical power. As prematurity beyond a gestational age of 28 weeks is quite rare, sufficient case numbers and thus statistical power might only be reached by a multi-centre approach. However, combining children born in different clinics may also confer potential bias, as postnatal treatment varies between centres.
We conclude that even using the options of advanced neonatal treatment the established clinical risk factors still show a high impact on the development of BPD. In addition, our results point to an involvement of immune-and angiogenesis-related genes in the genetics of BPD. Still, the candidate genes identified in this single-centre study need confirmation in larger study populations.
